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THE EFFECT OP COOLING -AIR BLOWERS ON THRUST FOViER 
By Carl B. Palmer and Maurice J. Brevoort 



SUIcMAftY 



An ass'.uned airplane was uagd to Illustrate the analy- 
sis of the effect of coollnr-alr blowers on thrust power. 
The pftrforaance ard encine oharac tcrlr.tl cs selected for 
the airplane are essentially those of a modem pursuit 
airplane. The resulbs obtained apply In particular to 
the assumed airplane, but the conclusions have a general 
application. 

When avlatlon-ensslne heat exchanrrers ' are used above 
their design albltuds, bloworr miy be used to give addi- 
tional available i.-ressure and to increare the Jet thru?t, 
althoUijh the amount oT blo'ver power that may profitably 
be used Is definitely fixed by the operatlnc conditions. 
When the heat exchanger is large enouff.h that a blower 
gives no thrust increase, the net thrust from the engine 
and cooling systen is hl£;her than can be obtained from 
any combination of blower and smaller heat exchanger. 

INTRODUCTION 

When an aircraft-engine heat exchanger is to be used 
above its design altitude, some auxlllai'y equipment may be 
required to give proper cooling and to keep the cooling 
cost from becoming exorbitant. The decrease in air den- 
sity with altitude makes it difficult or impossible to 
obtain a weight rate of flow of air sufficient for proper 
cooling. To alleviate this difficulty, more pressure 
drop must be made available across the heat exchanger or 
the exchanger must be redesigned to allow the proper 
cooling-air flow with the low pressure drop available. 

Axial fans, or blowers, have been used In front of 
air-cooled engines not only to Increase the pressure avail- 
able for cooling but also to Increase the Jet thrust from 
the cooling air. Vifhen air Is compressed, heated, and then 
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allowed to escape to the atmosphere through a suitable 
duct, a thrust Is obtained (the "Meredith effect") that, 
with sufficient heatlnp and compreselon. Is of con- 
siderable magnitude. Although an Increase In the blower 
power Increases this Jet thrust. It also decreases the 
power that can be used for the propeller. Obviously the 
best blower Is the one glvinp the highest net thrust 
while properly cooling the engine. 

Because It Is Impossible to set down a simple rela- 
tion between the operational parameters and the blower 
power resulting In maximum net thrust, and because there 
Is much Interest In such a relationship, the present 
report has been prepared to show how the net thrust power 
from a typical air-cooled engine varies with the power 
used In a blower. For simplicity, the calculations 
assume an Infinite nusiber of possible blowers In order 
to have the defined efficiency under all conditions. 
The range of conditions covered Is from sea level to an 
altitude of 40,000 feet, for throe fin widths, and at 
high speed and two cllr:blng speeds. The conclusions 
apply as well to liquid-cooled engines, and the method 
of calculation 1? applicable to any type of cooling 
system with arbitrary variations in propeller and blower 
efficiencies. 

Acknowledgment is made to Mr, U. T. Joyner of the 
NACA Physical Research Division for preparation of the 
Mollier chart used in this analysis. 

METtlOD 

The following method has been followed in making 
the analysis of the effect of cooling-air blowers on 
thrust power. The power to operate the blower, at 
70-percent-adiabatlc and 95-percent- shaft efficiencies, 
is subtracted from the normal engine power, and the 
remaining engine power is put into a propeller operating 
at 80-percent efficiency. The algebraic sum of the jet 
and the propeller thrust powers Is defined as the net 
thrust power within the coripass of this report. 

The calculations are made for an air-cooled engine 
with a normal power rating of 1675 horsepower. This 
engine is installed in an airplane with a gross weight of 
12,000 pounds ajid dissipates 445 Btu per second through 
1.0-lnch aluminum fins. The weight rate of cooling-air 
flow is taken directly or calculated from reference 1. 



NACA ARR No. 



3 



The main paper contains a auimnary pf the most per- 
tinent results, and a- detailed discussion- of the results. 
Illustrated with graphs, is given as appendix B. (The 
sTntbols used throughout the paper are defined In appen- 
dix A.) The method for calculating the Jet thrust 
power and the blower power cost are given In appendix C, 
and a discussion of the conditions and assumptions upon 
which these calculations are based Is given in appendix D 
along with an evaluation of the degree of approxlnatlon 
Involved In each aBrum.ptlon. 



RESULTS 



Tho flvG major variables considered herein are: 
net thrust uower, blo'A'or po'ver, airplane speed, altitude, 
and fin vldth. Since bVie conlinf; is adequate and the 
heat to te dicplpated ir- coiir^tant , tho nest irportp.nt 
pr(ib]eni is br> rake the net thrust power ■n.axlTnrjn. Eecause 
this report Is priraerlly a blover r.nalj««i?, the effects 
of alrT>lane gpeed, altitude, and fin width are shown by 
curves p]otted on coordli.ete'". of thrust power and blower 
power. Cthsr curves shnw tno effect of blower power o.i 
the thernodyna^.lc fcfflcier.cy of the cooljn*s-alr heat 
cyile. A representrtlve cycle Is plao riven. 



Airplane Speed 

At altitudes v/here mvch of the prerrure drop avail- 
able is needed for rooling, the blower power fivinc 
rnaxirtam thrust Inorcas-:^? as bhe airplane speed decreases. 
(See fig. 1.) In c!lir:b the airplane speed is decreased, 
pressure available from ram falls off and, aside from all 
considerations of thrust, a blower ipay be necessary to 
provide adequate pressure for properly cooling the 
enfrine. For hi fh- speed flicQit at 40,000 feet the 
maxiimra thrust ie obtained with about 200 horsepower 
for the blower. Aa the speed falli below 300 miles 
per hour, more than 500 horsepower is needed in the 
blower to get maxlTium thrust ard the engine fails to 
cool with leas than 160 blower horsepower. (Note that 
these values are only for 1.0-ln, fins.) When the 
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altitude Is low enouj^h that cooling- la no problem, even 
at low speed and with no blower, this velocity effect 




Blower power, hp 



Fl{cure 1.- Effect of aim lane speed on the variation of net thrust 
power with blower power at an altitude of 14.0,000 feet. 



Is reverred. Figure 2, wMoh shows the effect of air- 
plane speed at sea level, illustrates this chanf^e. 




llOOl 1 . , : 1 T 1 1 

0 100 230 500 UOO 500 

Blower power, hp 

FifOtre 2.- Effect of airplane speed on the variation of net thrust 
power with blower power at aoa Icvol. 
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. . Altlijude 

For a particular flight condition - for example, maxi- 
mum llft-drag ratio, level flight, etc. - an Increase In 
altitude Increases the optimum blower power. (See fig. 3.) 




Figure 3*- Effeot of altitude on the ▼arlatlon of iwt thrust power 
with blower power at high speed. 



For high-speed flight this engine, which requires only 
about 70 horsepower for the blower In order to get maxi- 
mum thrust at sea level, requires nearly 180 blower 
horsepower for maxlmiim thrust at 40,000 feet. In the 
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cllBib condition (see fig. 4) the optimum blower power 
increases even more rapidly with altitude. 




2C0 ?!C0 
Blowor nower, hp 

Figure 1+.- Effect of altitude on the variation of net thrust power 
with blower power at the maxiaum lift-drag ratio i/d. 



Pin '</ldth 

''iideninr the fin? has been suggGsted (reference 1) 
an a neans of inprovinf. the cooling" characteristics. 
Plffure 5 sbov.-s the effect of fin width upon the net 




200 JCO 
Blower powori hp 

Figure 5.- Effect of fin width on the variation of net thrust power 
■with blower power for high speed at sea level. 
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thrust and the permissible blower power for high speed 
at sea level. Increasing the fin width from 0.75 inch 
to 1.5 Inches decreases the optimun: blower power from 
80 horsepower to zero and increases the maxlnum net 
thrust power from 1275 to 1340 horsepower. Starting 
from zero blower power with l.O-inch fins, the addition 
of a 50~horsepower blower glvee a 5-horsepower thrust 
increase. If, Instead of the blower, another l/2 inch 
of fin width la added, the increase In thrust power la 
more than 35 hcraepover. 

At hlph nltltTidea -^he effecb of fin width is even 
more pronounced. At an tltitizde of 40.000 feet a 
150"horscpower blower fives a 2E -horser-o^'c-r tJirust 
increase, while an e::tra 1/2 li.ch of fm v.'idth adds 
125 thrust horrepower. (Tee fl";. 6.) TniS'' tnfarr-A- 
tion Is presented in tho torn, of c.^ntoul'B of constant 




Fignre 6.- Effect of fin width ca the Tariation of not thrust 
power with blower poner for high speed at an altitude of 
14.0,000 feet. 
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thrust power plotted on coordJ.natea of fin width and 
blower power In figure 7, It la obvious from figure 7 
that the maximum net tlirust occurs with relatively wide 
fins and low blower powers. 




Lool of mini- 
mum fin widths 

0 ioo 200 300 Coo 500 

Blower poner, hp 

Fipxire 7.- Net thrust power as a function of fin width and tlower 
oownr at high speed. 
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Physical Significance of Heat Cycle 

In figure 8 a representative coollng-alr heat cycle 
for high blower compression Is shown with notations 
explaining the significance of various points and dis- 
tances on the cycle. All energies are read on the 
enthalpy h scale, and the velocity can be determined 
directly from the kinetic energy. Point 0 Is the free- 
stresm state point for the cooling air. The ram kinetic 
energy raises the temperature and pressure to that at 
point B, The energy added by the blower Increases the 
entropy as well as the temperature and pressure to that 
at point 1. (The dashed line Indicates that the state 
path cannot be defined.) As the air accelerates Into 
the fins. Its kinetic energy Increases to that at point 2. 
In passing through the hot fins, the temperature and the 
kinetic energy Increase and the pressure falls off some- 
what as shown by point 3. The line between points 3 
and 4 describes the air as It Is dumped behind the fins. 
Kinetic energy Is lost with only a little pressure 
recovery', and the entropy Increases again. Between 
points 4 and 5 the air accelerates to the cowling exit 
where it exhausts at free-stream static pressure Pq. 

A comparison of the Initial ram kinetic ener^ and the 
kinetic energy at the cowling exit shows a velocity 
Increase and therefore a positive Jet thrust. A com- 
parison, however, of exit kinetic energy and the total 
mechanical energy Input (ram plus blower energies) shows 
a net loss In mechanical energy. 



Thermodynamic Efficiency 

The loss In mechanical energy mentioned In the pre- 
ceding section Is measured by the thermodynamic effi- 
ciency of the heat cycle. This efficiency Is defined 
In reference 2 as the ratio 



Heat Input - Heat rej acted 
Heat Input 



When more heat is re.jected than Is put In, then of neces- 
sity mechanical energy equal to the difference Is being 




1 i., 1 1 1 J I L 

.05 .06 .07 .08 .09 .10 .11 .12 M 

EntroDy, Btu/( lb)(°Fai,s) g 

Figure 8.- Cooling-air heat cyole for hipji speed at I4.0, 000 feet. Blower efflclenoy T)g, 70 peroent; 
blower pressure rise App, 3»5 pounds per square inch. 



NACA ARR No. L4a24 



11 



dissipated as heat and the thermodynamic efficiency is 
negative. ' Figure' 9 shows the efficiency of the cooling- 
air heat cycle for several fin widths and blower effi- 
ciencies. It is difficult to obtain a positive effi- 
ciency and even under ideal conditions the efficiency is 
quite small. 
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Figure 9<- Thermodynamic efficiency of the cooling-air heat cycle 
for high speed at sea level* 



Even though the thermodynamic efficiency "ng is 
almost invariably negative and the assumed blower effi- 
ciency Tig in general is only 70 percent, the results 
show that some blower power In excess of that required 
for cooling Is desirable. Thermodynamic and blower 
efficiencies are relatively unimportant compared with 
Jet efficiency r\^» 
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- Jet- eff iciency so "dominates the cooling situation 
that the optimum blower power, to a first approximation, 
la selected to make the exit velocity the same as the 
free-stream velocity. In this case the Jet efficiency 
la 100 percent. (See fig. 10.) The addition of heat 
to the cooling air and changes izi blower efficiency make 
only trivial changes In the optimum exit velocity. 

An examination of the curves (fig. 10) taken from 

various figures throughout the report for the case of cUmb 
at 40,000 feet bears out the general statements Just made. 
On the curve of exit velocity against blower power, the 
speed at which the exit velocity is the same as airplane 
speed Is Indicated. Comparison of the blov/or power which 
gives this exit velocity with the blower pcv/er frlvlng the 
maximum net thrust power shows almost exact agreement. 



COilCLU'SIOKS 



The chirts presented, which fshow the relations 
betvfeen the net thrust power and the pov/er put into the 
hlnwer, make evident several general rules. These rules 
arr : 

1. A blnwer nay be used to inoreaoe the maxinum 
altitude of operation for a particular hcat-exchaiif er 
installation. The hlRhest altitude at v,'hloh proper 
cooling is possible-, even with a blower, is dtfinitely 
limited by the dimensions of the heat exchanger. 

2. The ,1et efficiency so dominates the use of 
blower power t?iat, to all practical purposes, the opti- 
mum blower power is that required to give an exit velocity 
equal to free-stream velocity. This velocity gives a 

Jet efficiency of 100 percent. 

3. In redesipning a heat exchanger for high alti- 
tude, sufficient cooling surface should be used to cool 
properly/- without a blov/er. When finning that gives the 
maximum net thrust with no blower is usrcL, this thrust 
Is substantially higher than can be obtained with any 
narrower fins and any amount of blovrer compression. 
When the use of a blower produces a greater thrust from 
the power plant, this increase is not so much a measure 
of the blower excellence as it is a measure of heat- 
exchanger Inadequacy. 
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4. The efficiency of the coollng-air heat cycle Is 
so low that imder no conditions considered when the 
coolins Is adequate does an increase in blower power 
cause an equal Increase in net thrust power. 



Langley Memorial Aeronautical Laboratory, 

National Advirory Corcnilttee for Aeronautics 
Lan£:ley Field, Va. 
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APPENDIX A 
SYMBOLS 

A cross-sectional area, sq ft 

Cl lift coefficient 

D drap- force, lb 

g acceleration due to gravity, ft/sec^ 

H heat dissipation by ej'cha.wer, Btu/aec 

h enthalpy (heat content), Btu/lb 

L lift force, lb 

F power, hp 

p static pressure, Ib/sq ft or Ib/pq in. 

T temperature, °P 

V velocity, fps 

V specific vor.une, cu ft/lb 

W vreifht rate of flow of air, lb/sec 

Tipj adiabatlc efficiency of blower-dif fuser vmit, 

ratio of ipentropic to actual enthalpy increase 
for given static-pressure rise 



"Hq thermodynanic efficiency of ^cooling-air heat 

cycle (reference 2) 



icy of cooling- 

\ T5 - To; 



2Vo 

for Vr > Vr 



■Hj Jet efficiency. 



Vo + V5 



-%V^ for V5 < Vo 
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•Hp propeller efficiency, ratio of thrust power to 

power Input 

v,j^ efficiency cf rari corapresslon, rutlo of actual 

to Jesnbrcpic I'leaaure rise for jrlven tote.l- 
energy increase 

"Hg b]ov/er shaft efriciericy, ratio of pov/cr delivered 

to Llr to po'-viiT tal:en fror. enrlne by bloT'er 

Subscripts : 

0 fres-ctrean concHtlons 

B, 1,2, 3, 4, 5 condltiona' at corroFpoiidlng station in 

cov line 
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APPEtTDIX B 



RESULTS IN DETAIL 



The results presented In tbls section were suimsarlzed 
In the main -paper. Here they are given In detail and 
for a much wider ran^^e than would be practicable In any 
aircraft installation. 

Figures 11, 12, and 13 give the thrust power as It 
varies with the blov/er pov/er at sea level, 25,000 feet, 
and 40,000 feet, respectlvrly. On each graph the pro- 
peller and Jet thrust pov;ers, which are added algebrai- 
cally to f-;lve the net thrust power, are shown for three 
airplane speeds. The snceds nho'wi on the graphs were 
selected to cover the range of flight operation from 
above level- f 13 f/ht high speed to speeds below that for 
maxlnum lyD. 




■) 200 UDO 600 800 1000 1200 Tkoo 



Blower pcnrer, hp 

Fleure 11.- Thrust as a funotlon of speed and blower power at sea 
level. 
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Airplane .Epced! 
(ft/sec) 



-200 



Too Oio 



Fipure 12.- Thrust as a functic.i of cpe'-d anJ tlo*er pcw-er at an 
altitude of 25,000 foet. 
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Figure 13'" Thrust as a fjr.cbioa of speed and tlcwer pcv/er at an 
altitude of ii.0,000 feet. 
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Figures 14 and 15 give the thruat-power breakdoTO 
curves for three fin widths In the high-speed condition 
at sea level, and for two fin widths at 40,000 feet. 
The narrow fin width is ordtted at 40,000 feet because 
its cooling is quite inadequate under all conditions at 
this altitude. 

Figure 16 shows how the exit velocity varies with 
blower power. As lov/er blower powers (lower compression 
ratios) are used, the velocity out the exit drops rapidly. 
As this velocity drops, the exit area must increase pro- 
portionally. The curves are cut off arbitrarily at an 
exit area of 5 square feet, that is, at exit velocities 
of about 300 feet per second at 40,000 feet and 160 feet 
per second at 25,000 feet, and It is asstmed that an 




Figure lU.- Thrust b.s a function of fin width and blwer power 
for high speed at sea level. 
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Flfure 15.- TljTust .is a fancbioa cf fin >ridth and blower power for 
high Epecd at UO, POO fe'^t. 
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engine requiring a greater exit area has Inaiiff Iclent 
cooling. The shaded areas on some of the figures (for 
example, figa. 1 and 4), which Indicate conditions for 
Insufficient cooling, were determined In this manner. 
On operating airplanes the area of the exit is further 
increased by flaps, which may reduce the pressure behind 
the engine by their effect on the air flow over the 
nacelle. Rapid drag increases usually accompany the 
use of flaps beyond some moderate opening, end rather than 
bring this varying drag condition into the computations 
the exit area has been limited to the value given pre- 
viously. 

The rate of cllnb or dive la computed from the dif- 
ference between the thrust power available and the thrust 
power required for level flight. The rates of climb at 
three altitudes are shown in fiprures 17, 10, and 19. 
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Figure 17*- Rate of climb at sea level. 
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Figure 13.- Tats- olLsb a^, 2r.,000 faet. 
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Ftfu-c 1?.- Rate of cllait at .'+.0,000 feet. 
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Figure 20 shows the effect of the adlabatlo effi- 
ciency of the blower on the variation of net thrust power 
with blower power. These curves show that, as the blower 
efficiency Is lov>ereC^., the blower power giving maximum 
thrust decreases vary rapidly. 




60C 800 
Elov.er po'v.er, hp 



1000 



Figwe 20.- 'Sffect of blower fefficiency on net tljpust power for 
high speed at sea level. 



The effect of propellc-r efficiency is shown in fig- 
ure 21. The Jet- thrust curve for low speed at 40,000 feet 
and propeller curves for 50- and 80-percent efficiency are 
used. The effect of decreasing the propeller efficiency 
Is to lower the low-blower-power end of the net-thruat 
curves and thus to allow more power to te used in the 
blower to get maxlmuLn net thrust power. As is to be 
expected, the net thrust is quite sensitive to propeller 
efficiency with low blower po\«ier and to blov/er efficiency 
with high blower power. 
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Pifure 22, '.vliich shows the effects of altitude and 
airplane STced on the thermodynamic efriclency of the 
coollnR-alT' heat r.ycla, compleTnents flRrre 9, which siiovs 
the effects of blcv.'er efficiency and fir v.'idth. It 
ai-.ould he n-^ted that ab hlp:li c.ltitudes the cycle effi- 
ciency 1p lov/cr tiian slz lo'v or mediun Pltltwles, tir^d tlie 
efficiency at j0'.7 Eijeedc la lower than et hifch spords. 
ThP airplane speed is of minor iT/.^ortaime at low nltl- 
tucles . 

The p;raphs o" thezTiodTnc'iril c offlcicncy (figs. 9 
and 22) Invite a iVrthiir c". -j eves ion of the ^icat cycle 
from a theniodynanic sttr.cpoint. The prlnary object of 
many heat cycles ir to tran^ror^n heat cnt.rf^y into r.echanl 
cal enerf-y. V/lier. tTr.e \.'cv'.if.iif sujPtance foes through a 
closed cycle of cont'ltions, by revorslhle ayjinees, the 
area inclosed on a te-.pfratirc-eiitrcc7 chart Js a neaa- 
ure of the transition ortveen the heat tnd nerhanlcal 
forms oJ' enarry. A not p.initive area (rlr?ia':scrlh6d in 
a cloclzviffe direction) Inc'lcfites a jf-aln in mechanical 
energy, *A'h'»iievei-' rny pert of the cycle la Irreyorsihlo, 
the Inclosed area no iT'Ufer he.s luantltE.tlve significance 
and the entropy rl'-e boccres cf Inportance. In nuch 
canes the only arer.s of pertlcrlar significance are out- 
side the cycltj. 

V/li'^n IrreverilMe chan'^ns (for exarip]e, friction 
heating) occur, the cycle nay be drhwn on an er.th-alpy- 
entrony cha-^-t and ■'^he nrcha ileal anci heat CTicrriea read 
frori diatance? rather than areas. In this ^c.se the 
problem Is thr:t of puttin?* the point 5 (firs. £.3 to 27) 
as far belov; the total-energy level for the exit ac? 
po^jslble. l/hcn th? s :^cp&.razf or. Ic :ncrfcased by raiFilnjj 
the total ensrf^y vith a blOiVer, it is at the expense o"? 
propeller pov/rr. V.'hea point 5 in lowDred by keepinp the 
entropy low, tiie poiAcr cost of thR chanee 3s r.eg'liribl'? 
This contrau^t clearly cQla for lov coolinff-alr velocity 
In the heat e3cchan»-,er and hi^'h blower cff3cle:icy. 

Pirures ro3 to C7 s'-ov several rtprepontat J v*^ coolin,^. 
air heat cycles. I'le:-r''e 23 sihowR t^n actual ryci'.j, upDii 
which is superlrr.poned an ideal, or revarrlble, cycle v/lirh 
the sazie Ptarting ;ioint and cnercjy additions. Tn'. s 
ideal cycle (0 1' 4' J?) is inclosed bv tvo cons tint 
entropy lines end tvo constant rret'sure lines (the .Toule 
or Prayton cycle) and hap a njsitive ef flcl'^'ncy » So 
long as there are no turbulence or frictloiiHl prsssurs 
losses, this cycle v/lll ccntlni;e to have a positive effi- 
ciency, regardless of the anount of blower compresnion. 
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Figure 21.- Effect of propoller efficiency for low speed at 
to, 000 feet, i^g - 70 percent. 
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Figure 22.- Theraodynomic effioienoy of cooling-air heat cycle 
for three airplane speeds at two altitudes. T]g > 70 percent. 
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A small Increase In entropy, however, raise?? point 5 
enough to cause a net loss In mechanical energy. 

?i£ure 24 shows a cycle that is idealized to the 
extent of allowing a 100-pe:'o€nt-adlahatic efficiency for 
the blower. Velocity in the fins is low enou.c:h that 
there is little pressure drop in the fins, anc" for the 
cycle there is a sllfht pain in mechanical eiicr/jy. In 
this case coolinr is no problem. 

Figure 2£- goo? to the opposite extreme and shows a 
cycle for which the coolir" s inr.uf f icient . In this 
case the velocity in t?)e finp is hig-h, thus ceuslnf con- 
siderable pressure dror) and i..ovinf, point 3 far to the 
ripht. Thin hiR'i air velocity alpo lends to 3arf;e 
losses in total ^rersure (entropy rise) when the fiir i«j 
duir.ped from the fir.s. Ap a result, if the required rate 
of coolirg-alr flo;"^ v/ore to ey.isb, the total preaaure 
behind the fins v/ould be lower than the free-strean 
static pressure and the cycle v^-ould be iripospiblo v/lthout 
the use of flaps. In- the case of narrov: firs at 
40,000 feet, the coollnp situetion is so bad that the 
point S cannot be defined for any amount of corproaaion 
and it is inpossible to conp?ete the cycle. Obviously, 
wide fins are necer«!ary to Iceep the entropy rise at a 
mlninxiin. This fact is even nore apparent from a com- 
parison of fif.ure'i 26 anc" 27, which shovr the coolir^f-air 
cycle for ran compression with tv/o different fin v/ic^ths. 
These fipurec shov that the air ('^olnp throuf:h the 
1.5-inch fins has twice as inuch limnetic enerf^y at the 
exit as the air thi'ough 1.0-inch fins. 
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Figure 23.- Coollng-alr heat oyole for high speed at J4.0,000 feet. t]^ - 70 percent; 
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Figure 2/4.,- Cooling-air heat cycle for high speea at sea level. -rjg ■» lOO percent; to = I;. 17 pounds 
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APPEHDIX C 



METHOD OP CALCULATION 

Case 1 - Ran Compression 

The results presented In this analysis were obtained 
by graphical solution with charts like figiire 28 (placed 
at end of report). (In thp preparation of fig. 28 the 
equation for specific heat at constant pressure 



Cp = 0.2412 + 



Q.0003T 
100 



was used. This equation 5c derived from a curve of Cj 
plotted against T in reforence 3.) The stations In 
the ooollnp systcn are shov;Ti In figure 29. Sample 






Case 1 - ream comcression 



,2 ? U 5 

^ I I . > 




Case 2 - Elower OQr.:presslon 
Figure 29 •- Statioss in ootwled heat exchanger. 
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solutions are shovm in flsures 26 and 27. Figure 26 
will be explained In detail by figures 30 to 33. 

It will be observed in figure 28 that lines of con- 
stant pressure and constant specific volume are plotted 
on a coordinate system of entropy and enthalpy or tem- 
perature. Any point on the chart represents a certain 
temperature, pressure, and specific volume. When a 
determination of the power to cool an air-cooled engine 
is made, the temperature and pressure in the free air 
stream locate the starting point on the chart. For the 
typical case used, this initial point is Indicated by 0 
in figure 30. 




Figure JiO»~ Entrcuioe seotlon; sontinuity line ooiuitructlon. 
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Cowling e n trance .- The air has a speed of 700 feet 
per second with respect to the cowlin/?, and the l:lnetlc 
energy associated with this speed irust be considered us 
Increasing tl-.e free-stream total energy. "The Insert In 
figure £8, vhen drewn to proper scale, sho^/a this klncstlc 
energy In enthalpy units. The vplue Is taken from bhe 
Insert with dividers and sot off vertically above 0 on 
the chart to establish the pcJnt A (fig. 30) . ji. hori- 
zontal lino throufh A Indicates the tctal-enert:;'- level 
of the air relative to the r.oy/llnf at ar.y tire before 
the air entors tho heat exchanp-er. In entpi-lnf; the 
cowlinc the air slows dov.n, the temperature and the 
pressure rlre, and the fipeclfic vclu'rie decreases. 
Point A would th? state point of the air if it 7/ere 
brought exactly to rest relatJve to the oowlfng, and if 
this were done at HOO-perceiit efficiency without heat 
being fcaJned or lost. 

Because in pi'act'.ce t].e air ]iay not be entirely 
stopped, it 3 s nef.epsary to apply tho condition that the 
weight of air pasrinr; throurh t-is syster be constant; thus 



The weifht rate of flow is establfshed by cooling require- 
laents and the crosa-sectional area .lust before the heat 
exchanger is knovr fr^n the ^;eOirp:try of the syston. 
SeHect a specif ic-volur.e line in the vicinity of A (for 
exainple, 50 cu ft/lb) and calculate the corrcspondir.c 
velocity (95 ft/nec). T'eaaure off on the inserted 
velocity-energy scale the dlptance correspondin;^ to this 
velocity. Where the apeclflc-volurr.3 line la this dl'i- 
tance below the total-Rnerf:y line, plot 'iq point. 
Several of these points detenrine the Cwiitinulty line Ci* 

The point a on line Ct, Jupt belov/ point k, is 
the state point of the r^Jr if the proscribed arp.o-.int of air 
flows through the eystein at ICC-perceit erflciency and 
v;lth no heat palnecL or loTt. The pnyslcal sif^niflcance 
of points A and a is as follow?.! Point A desrcribes 
the physical properties of the air Just in front of the 
engine v-hen no air is allowed to flow throuf:h thn fins. 
Point a descrlberi the phyplcal properties of the air in 
front of tho engine when the air is s loved down but not 
entirely stopped. Tho distance between points A and a 
gives the velocity of the alow-moving air just before it 
accelerates into the en/^ine fins. 
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The ram compression of the air within the cowling, 
however, is actually accomplished at some lower effi- 
ciency and, therefore, the point must fall on some lower 
pressure curve than the one through point a. (See 
fig. 31.) The new pressure curve is defined by the 
relation 

- ^Pactual 
^Pisentropic 

where tjj^ = 90 percent Is assuned and the isentroplc 
pressiire rise is the pressure difference bet?:een points 0 
and a. The value of Ap^Q^^al* vjhlch is calculated 
from this equation, la the pressure rise that will actu- 
ally occur from free stream to a point ^ust before the 

p 
o 




Figure 51*'' Diffueer and heat-exohanger entrance. 
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engine and establishes the pressure line through 
the point b. (This pressure line p-ji may also be 

locatort very easily, anfl with only sligtit error, by 
lp.7/lng off Ob equal to 90 percent of Oa.) The state 
point for the air in front of the enpino F.uct lie some- 
v/here on thl? profsure line. InaFmuch aa cons'srvatlon 
of mass applies to air flowing through the nowlinp-, the 
state polnb ni'st also lie on the continuity line C^, 
The state point 1, which descrlbep the physical proper- 
ties of the air fit the n.exinvjn or>(-n section of the 
norlln;; (station 1, fir. 29), tho-s^cforo 3s at the Inter- 
aectlon of p] ar.a C^. '..'he vcrtlcxl dlTtrnce betwer.n 
state point 1 and the total-ener^::'' IIji'j reapurea the 
velocity. 

^tran ce to fin.q.- kVhen tha tir enters the fins, the 
constriction oT tlie air sti^-ur .T'.u.Te3 tire voloclty to 
Increase and the rtati'' pre-.pr.'e ni-.d ter.perature to 
drcreane. On tiie chart, tl.f-ref f.vf;, the state point .for 
the air in the hefct-e::cl-an.";f5r entrance will be souewhoi'e 
below that for the air In I'Tcnt -jf the e\cianeer. The 
exact location la dete'T.ine':'. eg follows: 

3y use of the coii':tent-v6l<:ht-flo'' requirement 



it — 



'^2 

the continuity lii.e Cj^ is drawn In the same- marj^er as 
Ci. "V^e st.'its nolnt r,f thtj air .'ust after cntc:-ing the 
fir.s m\^3i- lie on Vr.is 13ne. E^c^nso food ',affie 
ej'itre.no.^a al]ow the air to ftcceleiatg Ssi: n'"i<.rl7 lOC-jjcrcont 
ef f ic' c-H'-'y (ro entropy cha:i-e) , s vertical J.' ne :'.3 drjpped 
from 3fc£.fce point 1 to the line Cp. JLn"er'iection is 

the atfive pr.irt 2, which. co].:rlet a?],' dcFsriop.? tho phy^'ical 
pr'".p.irT,le3 oi' the sir .n-.3t ftftsj- it cn'^en "he Ifi.o d-it, 
before -it 'iiur bs.-.n hea^-.td 07 tr.i.' i.'nrj, T-.c -".cloiity 
Is MOf fjurci. Vy tL" d'.Jttmce bet-v-ver che totul-e'it-rry line 
and tho point 2. 

_/I'';it _r!:^r';;/;/i-'.'ir.- 'uTr.en tie lorllri-; sir .r-os'j through 
the f':.":r . i..-- il.--.- ra;'-t9 -rzzns kucI I':-, et: >■:'■.? p -»:■.■ t 
th'-^i-ef ort. ^ r..i:z on nhji tr Tn-:-o '.c sl.-o sop.fj 

decre'.i:-.: l^i ■.■r ;'>"\'9 lt'.o iu-'i?.i;T in "■..:c'. vc-.'".r.vj . 
In or'I'.T- ■00 t.£.^3 7'^L.e r, :.ch .'1 c-r.^*.' '-- in n -:.-.»::•■■■ it j . the 
stt-fce point; r.rst j-lse i..-.c moi'C to the rlfhu on 'j*?c chart. 
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The method for locating the point exactly la sho?ni In 
figures 26 and 32. The heat energy added to each pound 
of cooling air 

Ah = hA 

la the amount that the total-energy level rlsea as the 
air takes heat from the fins. Thla rise Is set off as 
shown In figure 26. The line C3 Is drawn below this 
new total-energy level (fig. 32) exactly as and Cg 

were drawn below the first energy-level line. These 
continuity lines show what part of the total energy is 
In themal energy and v/het part In kinetic energy at 
various pressures and specific volumes. 



T otal energy 

after exe}'.anger 




Figure 32.- Heat exchanger. 
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The equation 



Is used to detemlne the prtp sure of the air Ju3t before 
it leaves the fins. The ^Irsfc terin or the rl^ht-hand 
side, for frlctlonal ri'essure drop. Is tal:er. fron refer- 
ence 1; the second tern is the laocentuir. pressure drop. 
V-'hen put Into the form 

P3 = ^2'-l^ (0.92572 - 1.075V,) 

It Is easy to evaluate pg In terT.s of Vg. Shis equa- 
tion Is plotted in ex.* otly the san:e Planner as the con- 
tinuity equations, excepb th&c ^^ressare and velocity are 
usei Inster.d of ap'sc'.i'fc voPb.r'S rnd VPloolty. (i-hls 
pressvire line Is rho^Ti as line E In flgnire 32. The 
Intcrsectlor of lines E and Is the stt^-te nolnt 3 

and (describes tht only coriblnatlon of properties possible 
for the air yi3t ^eroi-p It leaves the fins. This set 
cf proper cf ep if? unlqurly cleterm5ned hy thp equations 
for lores sure drop ani hy the fact tha": the wei.'^ht rate 
of a^.r flov Is constcart frrri the enbrance to the exit 
of the co'fling. 

Fy lt fro^. he ° t exc h anrer .- The change In the condi- 
tion cT the air as .t J-'oa-'ep the fins is shcvrn in fig- 
ure 3-7.. V.hen the air entered the fins, it was accelerated 
vevy « ff Iciently. Ir. contresl;, there la nuch turbulence 
prod'^ced in tm clr \^ht rj it is ".uirped abruptly Ir to the 
ope'i c':;ac« tehlrc tlin t n-ine cvllnders. ThJ.p turbulence 
dec""e: -"ss t"he aronnt cf liyiieTnl o presijTre that can be con- 
vert*3'1 into static prersure. Ir.steac? of rlescribing this 
loss \ith an effl ciency factor, the usual expression for 
loss In botel pressure at p.n abrupt expansion is used: 



/ Ajf V 
A Total pressure ~ V ^ " XT / ^ 



2 
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In terms of velocities and static pressures this expres- 
sion Is 



SAgg SA^g 



The requirement of constant weight flow allows the con- 
tinuity line C4 to be dravzn on the charts and enough of 

the pressure equation .lust plven is plotted (line P) to 
Intersect the continuity llnco The location of the state 
point 4 shov/n that only a sntll amount of ntatlc preaaure 
Is recalned in the expcnslor. and that the terperature rise 
Is almost the sane as v/ould have resulted from an effi- 
cient e.xpaiifiion. Tlie inci^fcese ir entropy clurinf; the 
expansion la a measure cf tV.e enerpy that hc.s becore 
unavailable for dolnp; nechanlcal v:ork end ir. tied up In 
undirected tnrbulpnce. 




Figure Exit from exohangnr and duot. 
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Bxlt from cowUn'; .- The path of the air Inside the 
cowling converge 3 as It poas froia the large area behind 
the engine to the exit and the p.r'epsure drops to free- 
strea-j Ttatlo pre -3 sure at the exit, Aa the air Is 
accelerated by thlp pros sura drop, the te7r.pea-ature also 
drops and the specific volxiitifl jncrease'; . Phlp is the 
saue effect as the acceleration o.l' the air Into the 
flr.6 between Etat?ons 1 and C and ic aesu^ed to take 
place at lOO-perccnt ef f lcl*='iicy . Cn the chart (fig. 33) 
this change *.s descrlb'jd by dropplr.*?- a vertlral line from 
the state point 4 to intersect the f ree-ptrea-w pre? sure 
line, vrhich passes throiV:-h the f re-e-strecrri rte.te point 0. 
The state point 5 describes the ter..per.iti^re and the 
apficlflc voluT?'e of the air as it leaves the ccvlinc, and 
the distance betv/een state point 5 and the total-energy 
line tells the velocity of the air in the exit. 

The air originally had a velocity of 700 feet per 
second relative to the cowllr>,s but at the exit Its 
velocity was only 662 feet per second. This negative 
velocity change la sub'?tituted In the equation 

p = — ^ 

5ECe 

to find the Jet thrust horsepower. Vthen V is nega- 
tive - that is, when the air is slowed - the equation 
for P gives the power req'iired to overcome the "moiaentum 
drag" of the cooling air. 



Case 2 - Blower Go^npression 

When a blower is used to give a higher pressure in 
front of the engine, the calculations for the cowling 
entrance arp changed sorewhat. The bloTi;er is placed at 
the cor^l entrance and, as t'-irre is little opportunity for 
friction or breakaway, the rtin coi-.pressicn in front of the 
blower ?s as'^iur.ed to take place at 100-percent efficiency. 
Describing th3 s comrressiDn on the chart in figure 34, 
the state point ^^loves vertically upward fron 0 to the 
proper pres^jure. Tn order to loctite the st-^.te point 
exactly, the t lower continuity line C^j is drawn, 

using the 4- square -foot open area of the b lover and the 
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Figure JU.- Entrance eeotion with blower. 



42 



NaCA ark No. L4G24 



required welpht flow. The Intersection of C-q and the 

vertical lino through 0 la the state point B describing 
conditions .lust In front of the blower. 

The str.tlc-preasurc rlso doslred ovfv the blorer- 
dlffuscr section is added to the prea'i-j.-rc at point B 
to find what the pressui-e will be lust Jn rront of the 
enplne. This pros pure lino, p-^ - po-ands per Rquare 

inch. In the exanple (i'lp. '6^) in dra-vn in. The ptate 
point 1 F.u3t lie aore^'Vit-re on this prf.spure line becouae 
of the cieflnrcl nrossur'" ria*^. '.'■iie pirtlcular point on 
the pressure line is detf.rn'.ned by tre efficiency in this 
manner; 

Define the adlabitjc offlclei cy of the blower as 



_ '^^inontr oj^j c 
^^act.ual 



Mark the point b where the tt^ line tnterspctn the 

vertical lino, or Isentrcpe, throuf:h 0 and B. If 
the bloxr.er aiid dlffus'^r vio-pt; 100-percent efficient, the 
point b would bo st:ito point Ij therf-icre, the Iren- 
troplc enthalpy chanfje Ahi^entroplc enthalpy 
rise from point 3 to point b. Use titij = 70 percent 

to calculate the actual enthalpy rise. Thlp actual 
increase in enthalpy eateblishea the po?nt r, which la 
at the temperature, exintlnt? lust before the engine. 
The horizontal (constant tenrerature) lire throuj^h 
point a inters^jcts t>ie lino p^ at state point 1. 

Physically, the follov.'ing ha^^pena: The blov/cr puta nore 
energy into the air than la necessary to pet the desired 
preasure rise and part of this energy ^ora Irto ralainf; 
the temperature. The Isentropic cvitialpy i-lse Is the 
minlm'jm energy that can be used to get the desired 
pressure riao. The difference between tVe 3aentroplc arjd 
the actuel enthalpy rice la the thermal energy that 
appears from friction and the, damping out of turbulence. 

Because tho a-ate point 1 rr.u3t lie on the continuity 
line C]^ (not drawn here), the contlnult;; equation la 

solved for velocity by xising the specific volume at 
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point 1, and the distance corregpondlng to this velocity 
1g laid ofl"" above 1. The total-cnerpiy line pasaea hori- 
zontally thiTiuph the new point, Thijs energy line defines 
the tote 1- energy leval just in front of the engine and 
is used to calculate shAte point 2 and all the rest of 
the cycle e-^cactly as was done for ram. comprecslon. 

The difference betreen the total-enor.wy levels in 
front of tho blower and Just in front of the engine is 
the energy p'xt Into each poiiiid o.f eir by the blower. 
The total po^'er coat of the blo'ver than is 



l,<i:4"'7 Lh^ 

v/here Tig is the phaft efficiency for tranir.il ttinp pov/er 
from the eif -.ne to the blownr and Ahg is the total- 
eiiorgy rise over tf.e blov.er. 
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APPENDIX D 



COIIDITIONS UPOi: V7^IICF CAIXJULATIONS AF.^ ?A2TTD 



For most of the probr.ens assr^ciat'^d vilt'a ccol^riE an 
alr-coo]od on^.^ne an e.xact solution Is .in^icsaihle find, 
sonev'hat idealizefi condltlona n.usb be dcJ'ine'l ac n basis 
for calculation. The norjc?! o'.ors for the prnrt-nt rrport 
a^e given and an evt.lr.ation mare o2 the dcfrse of ajjproxl- 
mation involved to aid in conimrlnf^ these resuli"s with 
tho&e obtained by other ir.veitltators. 



The perforr.ance of the aii'piane Is dpscrlhcd by the 
L/D curve In f'fure EE, v;hich is tikcn fron an unpubllghed 
analyeis . 
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Fifiure 35'- Lift-drag ratio of airplane as a funotioa of lift 
coefficient. 



NACA ARE No. L4G24 



45 



The hypothetical engine considered, like that In ref- 
erence 1, develops Its normal power rating of 1675 horse- 
power under all conditions, and all of this power that Is 
not used to operate i;he blower Is put Into the propeller. 
The rate of heat dissipation through the cooling fins Is 
445 Btu per second with an average head temperature of 
410°P. 

The propeller and hlower efficiencies are held con- 
stant et f-0 and 70 percent, respectively. In this way 
It is pos.Ti'cle to show the effect of a blower on the 
thrust power for a considerable ranje of blower powers, 
fin width-?, altltudfjs, and speeds. In an actual case, 
however, fie ef f IclsriCles of the propeller and blower 
vary thriv-liout the rsnge of normal operation. This 
actoal ca.-^' nay also ls analyzed by the methods of this 
report, Tr.s Ideallantlon In the aaauirptlon of constant 
ef f Ic ler.c:..es does nor invalidate aiiy of the general con- 
clasxcns, Tho accor-puiiying dlagrans show the effect of 
chanf;ing the blower f.nd propeller efficiencies. 




Blower power Blower power 



High proTseller efficiency Low propeller efficiency 

Low blower efficienoy High blower efficiency 




Blower power 



Average efficiencies 
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General Conditions 
Army air Is used e^jclusively, 

TJnlform temperature, pressure, and velocity ey.let 
over any crosp section of the cooHnp-a3r duct. The use 
of irean values for velocity and ijhyslcal prox'erties 
Introd'ices no errors beyond the approxlr-atlons In the 
equations . 

AddltlonE.1 a'DproxlT.,atlonp are involved In t'le nei;.lect 
of the Induced power fTi' the flng and l33ov/er, and the 
Induced and opcratlrg ;po\'.'er for a sucerf.l;arv:pr . The dif- 
ference Ir. Induced i^owori:, from the carrovs^t to the 
widest a^usnlnTUii fine, l*> lesn than 10 horsepower. Elo"-'er 
Induced power for a3.1 b'lt thr- lar.'^ert blov/ers Is of the 
sare order of irsfrnitu^e. The euTDorcharping rcqulrementR 
are the saTift for ^oth cooling, r.ethcds; therefore, the 
conparloons that have hern drawn are stil] valid. 



Cape 1 - \V1 fchout Blower 

(iiiinher? In hcrdlni^s - for eiiaTrpls (0 to 1) - Indi 
cate stations In the coo"'.lr,,''-p.ir d^ict, p.."? shov/n In 
fig. 29.) 

Entrance dlffv.sor cectlon (0 to 1) : 

No heat tran?fpr occurs. TeiGr»tratux-e rlr.e due to 
conpresslcn is so air^ll and rate of heat ]osn ro lo\' 
that, with the flov: rate? used, the temperature chanr^e 
due to htat transfer Is qvlte insli-^nlf leant . 

Frlctlonal effects are accounted for In the effi- 
ciency tenr.s ttj? or "n^. 

Eeat-exchfincie-" entrr^r.ces (1 to ; 

Air accelerates Isentropioally, This state^jient is 
substantially true for all roaronably v;ell-de3lcned 
entrances . 

No heat transfer occux's. V."hlle not ctrlctly true, 
thl3 assumption Involves ne;;lir:lble error. Cor.:presslon 
has already taken piece and whether a scill a.^ount of 
heat enters the elr Just before or just after station 2 
Is Inmaterlal. 
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Heat exchanger (2 to 5): 

Prlctlonal pressure drop In the flna is 30 percent 
of the average dTnaialc pressure. This value agrees 
well with experience and, being held constant, does not 
Invalidate any comparisons. 

No other assumptions beyond the general conditions 
are used in the heat exchanger. 

Heat-exchanger exit (3 to 4); 

Total-pressure loPs is the same es for an abrupt 
expansion. Mlj:ln/T losses, where the streame arciand 
oppopite sides of the cylinder neet, tend to make this 
loss larger, and bafrie exits may be deslcned to make 
the expansion less abrupt. Inasmuch as these effects 
cannot be accurately evaluated and do not differ greatly 
with or vdthout a blov/er, they are neglected. The 
equation used is for inconpresslble flov/ but a;^p.ln the 
error is negllfjible. V/ith an area ratio of O.S and a 
Mach number of 1, for exrutiple, the error is leas than 
1 percent, and with Mach numbers of O.E the area ratio 
may be increased to 0.6 without greater error. 

Turbulence han subsided at station 4. Tills state- 
ment has reference to larj'ie-scale motions not parallel 
to the direction of net flow. Actually, any undirected 
turbulence appears as an increase in entropy and is felt 
thro\jghout the rest of the cycle. 

Duct exit (4 to 5) ; 

Air accelerates Isentropically with no significant 
friction or heat transfer. 



Case 2 - With Blov/er 

V/hen a blower is used, an extra station (Just before 
the blower) is necessary between the free stream and the 
heat exchanger . 

In front of blower (0 to B) s 

Compression is adlabatic and isentropic. As these 
stations are in front of the duct, there is little chance 
of friction or breakaway. 
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Elower-cilffuser section (E to 1) : 

Statlc-preaaiire rise aci'oaa the blower-dlffuaer 
section Is defined. It ms^ea no difference v.rether 
static or total urpssure is need, inasmvxh as blov^'er 
power is calculated from the total- energy rise across 
the blower. 

?Io heat traDEfer oucurfi. Temperature rise due to 
conpros.'jion 'a so sr.all end i-ate of heat losp so lov' that 
with the flov; rates usea tco temj>eraturc change due to 
heat trarsfei' ia quite iriSifnlf icant . 

/Entropy rise accouiits for any turbulence at sta- 
tion 1. Th* s t'lrbnlencp will not be excessive if a 
well-dealpned blov/er Lr used vtitti couiitervanea . 
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Pressure, in. of Hg., also scale for horizontal interpolation between pressure or volume lines. 
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Entropy, Btu/(li^i'rabs) 



FIfiURE 28.- THERMODYNAMIC PROPERTIES OF AIR (APPROX. ONE-THIRD SIZE). 
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